~/ The water in normal and edematous brain tissues of rats was studied by the pulse nuclear magnetic resonance (NMR) technique, measuring the longitudinal relaxation time (T1) and the transverse relaxation time (T2). In the normal brain, T1 and T2 were single components, both shorter than in pure water. Prolongation and separation of T2 into two components, one fast and one slow, were the characteristic findings in brain edema induced by both cold injury and triethyl tin (TET), although some differences between the two types of edema existed in the content of the lesion and in the degree of changes in T1 and T2 values. Quantitative analysis of T1 and T2 values in their time course relating to water content demonstrated that prolongation of TI referred to the volume of increased water in tissues examined, and that the two phases of T2 reflected the distribution and the content of the edema fluid. From the analysis of the slow component of T2 versus water content during edema formation, it was demonstrated that the increase in edema fluid was steady, and its content was constant during formation of TET-induced edema. On the contrary, during the formation of cold-injury edema, water-rich edema fluid increased during the initial few hours, and protein-rich edema fluid increased thereafter. It was concluded that proton NMR relaxation time measurements may provide new understanding in the field of brain edema research.
B
RAIN edema is a pathological condition characterized by an abnormal accumulation of water in the brain tissue. For many years, the distribution and content of increased water has been studied by means of morphological and biochemical investigations. However, little was known about the water molecules in edematous tissues until the nuclear magnetic resonance (NMR) technique was applied to the investigation of brain edema. 2,s By this technique, it was possible to clarify the condition and motion of water molecules in biological tissues nondestructively through measurements of proton relaxation time.
In this paper, we report the course of proton relaxation times during the entire period from induction to termination of experimental brain edema, demonstrating the dynamic changes of water molecules in edematous tissues. Our results will not only contribute to elucidating the properties and genesis of excess water in brain edema but also provide fundamental data for the recently developed NMR-computerized tomography (NMR-CT) imaging of the human body.
Materials and Methods
We used 381 Wistar rats, weighing about 150 gm each, for the measurement of proton relaxation times and water content in normal and edematous tissues. Two types of experimental brain edema, vasogenic and cytotoxic, were studied.
Preparation of Brain Edema
Vasogenic brain edema was induced by cold injury. The animals were anesthetized by injection of pentobarbital (25 mg/kg body weight) intraperitoneally. A circular trephination, 5 mm in diameter, was made over the right parietal region. A copper rod, cooled to -80~ in a mixture of dry ice and isopentanol, was applied to the dura mater through the trephination for 30 seconds. Groups of five to seven of these rats were killed by decapitation every 2 or 3 hours for the first 6 hours, every 12 hours for the next 24 hours, then every day for 8 days, and every week for 4 weeks. produced by injecting TET bromide (1 mg/kg body weight) intraperitoneally once a day for 7 days. Groups of five to seven of these rats were killed by decapitation at daily intervals for 8 days, then at weekly intervals for 7 weeks.
Management of Samples
After decapitation, the brain was removed rapidly, and samples were harvested bilaterally from the gray matter and the underlying white matter of the frontoparietal lobe in the rats with cold-injury edema, and unilaterally from the frontoparietal lobe in the rats with TET-induced edema. Necrotic tissue was carefully dissected away from the cold-injury edema sampies. This procedure was performed under a surgical microscope in a humid chamber. Each sample was then encased in plastic sheets and was put into an NMR tube, 10 mm in diameter, in the bottom of which a small scroll of filter paper moistened with 0.8 ml deuterium oxide was placed to prevent the sample from drying. This tube was placed into the NMR spectrometer, and proton relaxation time measurements were carded out as described below. The time between isolation of the sample and measurement of the relaxation time was less than 1 to 2 minutes.
Brain water content was measured in a second series. The samples were handled in the same manner as in NMR measurement, then weighed immediately in a humid chamber, dehydrated at 100~ for 3 days, then weighed again. The percentage of water was determined for each sample.
Method of NMR Measurements
The NMR measurements were performed with a pulse Fourier transform spectrometer* at a resonance * Fourier transform spectrometer, JEOL PFT-100 NMR, manufactured by JEOL Ltd., 1418 Nakagami, Akishima, Tokyo, Japan.
S. Naruse, et al. frequency of 100 MHz. The 90 ~ radiofrequency pulse length was about 40 #seconds. The measurement was carded out with a single scan, without spinning, at a room temperature of 25~ The proton spectrum of this experiment after the Fourier transform study showed a broad line of water, and no other lines could be detected under the present experimental conditions. The longitudinal relaxation time (T1) was measured by the inversion recovery method after a 180 ~ -T -90 ~ pulse. 7 The T1 value was estimated from the slope of a plot of log ((Mo -Mz)/Mo) versus z, where Mo is the signal amplitude at zero time and Mz was the amplitude at an arbitrary value of ~'. Repeated measurements of magnetization decay were made 14 times for 2 seconds. The transverse relaxation time (T2) was measured by the Carr-Purcell method of pulse sequences as modified by Meiboom-Gill. 7 Graphic analysis was used to estimate T2 values. The transverse magnetization decay did not always give a single exponential curve. This indicated that there was more than one component in the decay curve. When a semilogarithmic plot of magnetization decay versus time gave a straight line, T~ was regarded as consisting of a single component, and its value was given by a slope of this regression line. If this semilogarithmic plot did not fit a straight line, T2 was regarded as consisting of at least two components. In this instance, the value of the first component was given by the slope of the regression line drawn from 200 msec to 300 msec in cold-injury edema and from 400 msec to 600 msec in TET-induced edema. The second component was given by subtracting this regression line from the original semilogarithmic plot of magnetization decay. Plotting this difference versus time gave a straight line in all cases, and the value of the second component was calculated from the slope of this second regression line. Consequently, the third component could not be elicited. The first and the second components were considered the slow and the fast components, respectively, in accordance with the magnitude of their values.
Results

Control Group
Both T1 and T2 of the normal gray and white matter were shorter than those of pure water (about 2.7 seconds). Mean value and standard deviation of T1 were 1146 +_ 23 msec in the gray matter and 1078 _+ 48 msec in the white matter in five samples, and those of T2 were 76.4 _+ 2.0 msec in the gray matter and 75.6 _ 2.1 msec in the white matter in nine samples. All of them consisted of a single component. Mean water content was 80.1% in the gray matter and 77.6% in the white matter.
Cold-Injury Edema Group
The time course of T1 in the cold-injury edema samples is shown in Fig. 1 . After the cold injury was applied, T, began to lengthen at 3 hours in the gray matter and at 6 hours in the white matter on the lesion side. The T, reached a maximum of 1284 +_ 46 msec in the gray matter and 1184 + 51 msec in the white matter at 24 hours. Then each value decreased gradually and returned to a normal level on the 5th or 6th day. On the opposite side, only slight delay was shown in the white matter at 24 hours, returning to a normal level on the 3rd day. There were no changes in the gray matter values during the course.
The time course of T2 is shown in Fig. 2 . On the lesion side, T2 began to lengthen 2 hours after the injury and to separate into two components, one slow and one fast, 4 hours after the injury. The slow component reached a maximum value of 90 to 105 msec at 24 hours, and then decreased gradually. On the 6th day, T2 returned to a single component, and on the 7th or 8th day to a normal level. On the opposite side, the white matter T2 separated into two components at 24 and 48 hours after injury and returned to a normal level on the 4th day, but no significant change was found in the gray matter sampies during the course.
The time course of water content is shown in Fig.  3 . This seems to be similar to the proton relaxation times. The correlation of water content and the proton relaxation times is discussed later. 
TET-Induced Brain Edema Group
Remarkable changes were noticed in the white matter but not in the gray matter in TET-induced brain edema. The time course of T1 is shown in Fig.   4 . On the 3rd day, T1 in the white matter began to lengthen and reached its maximum of 1250 + 30 msec on the 7th day after the T E T injection. Thereafter, T, became shorter very gradually and returned to a normal level on the 49th day. There were no changes in the gray matter samples during the course of edema.
The time course of T2 is shown in Fig. 5 . In the relaxation times. The rate of maximum change in the white matter of TET-induced brain edema was almost the same as that in the gray matter on the lesion side of the cold-injury edema. white matter, Tz began to lengthen and then separated into two components on about the 3rd day during the T E T injections. These changes reached a maximum on the 7th or 8th day, when the slow component was measured at 400 to 500 msec and the fast one at 70 to 75 msec. After T E T injection was discontinued, both components gradually became shorter and returned to normal single components on the 49th day. The rate of change in the slow component of T2 was five times greater than that of T1 at the maximum period.
In the gray matter, there were no changes during the whole course. The time course of water content in TET-induced brain edema is shown in Fig. 6 . Water content changed only in the white matter coincident with the
Discussion
Proton Relaxation Times in Biological Tissues
Since biological tissues contain a large amount of water, it is desirable to examine the state and motion of water molecules by means of NMR relaxation time measurements. Previous reports have clarified some fundamental findings of proton relaxation time in various tissues, as follows. 2,3,5,8,9,15
First, both T1 and T2 in biological tissues were found to be much shorter than in pure water. This was interpreted generally to mean that the small fraction of water in tissues was restricted in its motion by interaction with large molecules such as proteins and lipids in cell membranes, and that water molecules of this fraction exchanged with the other freely mobile water molecules more rapidly than the N M R time scale. Second, there were some incongruities between T1 and T2 values in tissues. The T2 value was always smaller than the T1 value in tissue, although they were equal in pure water. This indicated that T2 was more easily affected by the slow molecular movement of water in biological tissues than was T1. Moreover, T~ values varied depending on the intensity of the static magnetic field of the N M R spectrometer, but T2 did not respond to this phenomenon. Third, both T~ and T2 were easily modified by structural and chemical changes affecting water molecules in the tissues, as in various pathological conditions including brain edema.
Changes of Relaxation Times in Brain Edema
Two previous articles have identified extension of relaxation times as a characteristic finding in brain edema. 2,8 However, those results were based on data derived from only the most severe period of this pathological condition. Our present experiment demonstrates clearly the dynamic changes of the proton relaxation times in brain edema. The prolongation of T1 and the separation of T2 into two components occurs at an early stage of edema formation and becomes more marked as the edema progresses; these changes then subside as edema recedes in both the vasogenic and cytotoxic types of brain edema. The course of relaxation times is coincident not only with the time course of water content, as displayed in the present experiment, but also with the histological changes, which were reported previously by Klatzo, et al., 11 and Lee and Bakay. 12 The prolongation of T1 has already been attributed to the increase of free mobile water in tissues2 This interpretation is also supported by our finding that the increase of T1 values is parallel with water content even if the type of brain edema is different. Quantitative analysis of this relationship is discussed later.
In contrast to T~, changes of T2 are much more complex in edematous tissue. The phenomenon of the separation of T2 into two components seems to be an important clue in the investigation of brain edema, and therefore its analysis would be useful. It is generally accepted that there are two types of water molecules in biological tissues, and one might attribute the two components of T2 to this fact. One of them is called "bound water" which forms one or a few molecular layers adjacent to the large molecules; its relaxation time is extremely short because its motion is restricted. The other type is called "free water," and its relaxation time is long. However, to refer to the fast and slow components ofT2 as "bound" and "free" water, respectively, is not justified, because T2 in bound water is 10 times shorter than that of the fast component in our data2 Previous reports concerning the sciatic nerve 6 and muscle 3,9 have suggested that the slow component referred to the extracellular fraction of water and the fast component referred to the intracellular fraction. These results correspond well with our data. In the normal state, each of two fractions cannot be observed independently because the exchange between both fractions of water is faster than the NMR time scale. In the edematous condition, this exchange becomes slow with the increase of edema fluid, and consequently two fractions of water can be observed by the NMR time scale. Bakay, et al., 2 reported the same result in normal and edematous brains using the electron microscope.
Comparing the maximum changes of T2 in both types of brain edema, one can easily see that the slow component of T2 is much greater in the white matter of TET-induced edema than in the gray matter of cold-injury edema. Since the water content of these two tissues is almost the same, this difference of T2 cannot be explained on the basis of water content alone. A possible explanation may be found in the intrinsic difference between the two types of brain edema. The composition of edema fluid may cause the difference in the slow component of T2. Edema fluid of the vasogenic type exists mainly in the intercellular spaces ~~ and contains large amounts of proteins originating from the blood serum, 4 while edema fluid of cytotoxic origin exists in the vacuolized intramyelin sheaths and contains only small molecules such as electrolytes. ',~3 Since the large amount of proteins restrict the molecular movement of water, the slow component of T2 in cold-injury edema is shorter than in TET-induced edema despite the same water content. Therefore, the slow component of T2 reflects both the volume and the content of increased edema fluid.
Thus, it is concluded that the changes of T1 represent the increased water in the whole tissue examined, and those of T2 represent the distribution and content of increased water in edematous tissue. 
Quantitative Analysis of Relaxation Times in Brain Edema
From the theoretical point of view, reciprocal numbers of relaxation times (the relaxation rate) should be used for quantitative analysis in brain edema. 17 Therefore, in order to confirm the relationship between prolongation of T1 and water content, longitudinal relaxation rates (R~) versus water content were plotted in a diagram during edema formation until edema reached the maximum level. There was a linear correlation between R, and water content in both types of brain edema (Fig. 7) . This result confirms that the prolongation of% reflects the increased water content in whole tissue of any type of brain edema. A similar interpretation was made by Saryan, et aL, ~6 in tumor tissues.
The slow component of T2 was used for the quantitative analysis because it represents the essential quality of the increased water in edematous tissue. The reciprocal number of the slow component of T2 (R2) versus water content was also plotted during their time course until the peak of the edema (Fig. 8) slope of the TET-induced edema was linear during the whole period of edema formation. On the contrary, the slopes of cold-injury edema were not linear in either gray or white matter: the slope of the straight line was steep during the initial 2 to 4 hours and became more gentle thereafter. The phenomenon is simple in TET-induced edema and can be explained by the steady increase of edema fluid in volume and content during edema formation. The explanation for the two components in cold-injury edema might be that the water molecules in the edema fluid move freely during the first few hours (causing the steep slope), then their movement is restricted by the increase of proteins in the edema fluid (causing the gentle slope). It is indicated that, unlike TET-induced edema, water molecules in the edema fluid of coldinjury edema are restricted in their motion, although water content is increased as the edema progresses.
Thus, the measurement of proton NMR relaxation time during the whole period of edema formation provides new information about the recognition of brain edema. The measurement is not difficult and the data obtained are reproducible if the NMR apparatus is well adjusted. This technique should be more fully utilized in the field of brain edema research.
Finally, we hope that these results will have an impact on the use of NMR-CT. In clinical use, this technique should be expected to measure the absolute values of relaxation times and offer important information about pathological conditions.
